We demonstrate both experimentally and numerically a compact and efficient, optically tuneable plasmonic component utilizing a surface plasmon polariton ring resonator with nonlinearity based on trans-cis isomerization in a polymer material. We observe more than 3-fold change between high and low transmission states of the device at milliwatt control powers (∼100 W/cm 2 by intensity), with the performance limited by switching speed of the material. Such plasmonic components can be employed in optically programmable and reconfigurable integrated photonic circuitry.
Introduction
Plasmonics has made a breakthrough in the field of integrated optics by overcoming the fundamental diffraction limit on the size of waveguide circuitry. The coupling of electromagnetic fields to free-electron oscillations at the metal/dielectric interface results in a surface wavesurface plasmon polariton (SPP), which can have larger wave vectors than that of light and thus a higher localization of photonic modes. Numerous geometries for SPP waveguides have been proposed [1] , covering the whole range of localization levels and achievable propagation lengths all of which are finite due to Ohmic losses in metals. However, fully-functional integrated optical circuits require active plasmonic components capable of modulating and switching SPP signals. The nonlinear materials needed for implementation of all-optical functionality often have a trade-off between the achievable nonlinearities and the switching speed. Nevertheless, even the slow nonlinearities are useful in applications where small footprint components are needed to realize optically programmable and reconfigurable photonic circuitry.
Two important factors that govern the performance of an active component are the magnitude and speed of the induced transmission changes. The switching speed of a plasmonic modulator is largely dependent on the processes within an active material that are responsible for the index change of the active medium. It is always difficult to combine large modulation depth and fast switching speed due to the inherent properties of nonlinear optical materials, where in many cases the stronger nonlinearity the slower response time. Thermally driven processes are typically much slower than optical nonlinearity.
In the past, experimentally demonstrated plasmonic modulators have shown a range of switching speeds. Pacifici et al. [2] demonstrated an all optical modulator based on the interaction between SPPs in a thin absorptive layer of CdSe quantum dots (QDs) where the switching speed was <40 ns, in this case determined by fast intraband transitions in the CdSe quantum dots. Au nonolinearities in plasmonic nanorod metamaterial and Al nonlinearities in a flat film geometry provide sub-picosecond switching times [3, 4] . Pala et al. [5] show switching using photochromic molecules but the switching speed for useful modulation is slow (∼10 s). Evans et al. [6] demonstrated an electro-optical cell consisting of gold nanorods covered with liquid crystals where the switching speed is relatively fast, depending on the liquid crystal polarization properties. Gosciniak et al. [7] demonstrate a thermo-optic plasmonic modulator with switching speeds in the order of seconds. However, this type of modulation was unique in terms of using a waveguide geometry which is not only efficient in terms localizing SPP propagation but also attractive for plasmonics based integrated technology.
In this article a compact resonant plasmonic element based on a waveguide ring resonator (WRR) having high sensitivity to the refractive index changes of the ring is used to demonstrate optically controlled signal transmission. This has been achieved doping a guiding polymer with disperse red 1 (DR1) molecules that provides large changes in the refractive index due to trans-cis isomerization. Such plasmonic components with low holding powers can be used in optically programmable and reconfigurable integrated photonic circuitry.
Results and discussion
Dielectric-loaded SPP waveguides (DLSPPWs, Fig. 1(a) ), produced by a dielectric stripe placed on a metal surface, have proven to be an efficient means for guiding and manipulating plasmonic signals [8] [9] [10] [11] [12] . For a 500×440 nm 2 DLSPP waveguide at the telecommunication wavelength of λ = 1550 nm the plasmonic mode is localized at a subwavelength scale (Re(n e f f ) = 1.18), while the propagation distance (at which the intensity decreases in e times) reaches 40 μm. Various DLSPPW-based photonic circuitry components have already been demonstrated including those with wavelength selective and resonant functionalities with a size on the order of a few micrometers [10] . For the realization of a plasmonic switching element, a plasmonic WRR geometry has been shown to be advantageous ( Fig. 1(a)-1(c) ) [12] [13] [14] . In this geometry, the transmission of the plasmonic signal is highly wavelength dependent due to the coupling of the incident signal to the resonant ring modes. In the first approximation, when the optical path around the ring is equal to an integer number of the mode wavelengths, the coupling is resonant, corresponding to a minima in the WRR spectral transmission characteristic. We implemented the ring resonator in a form of a racetrack ( Fig. 1(b) , 1(c)) and using finite element method (FEM) numerical simulations showed that by optimizing the WRR design (particularly curve radius R and center-to-center waveguide separation g), high modulation contrast with the wavelength can be achieved ( Fig. 1(d) ). If the refractive index of of the ring material n is changed by an external signal (either optical or electric), the effective index of the ring mode is modified and the resonance is shifted. Due to the high sensitivity of the WRR component, changes of Δn ∼ 10 −3 are sufficient to change the mode transmission ( Fig. 1(e) ) and therefore an efficient active plasmonic component can be realized [7, 11, 15] .
Azobenzene chromophores, such as DR1, are attractive materials for studying various sec- ond order nonlinear optical effects and polarized light-induced anisotropy. The photoinduced alignment of the azobenzene moieties on irradiation by linearly polarized light has been studied for several promising applications such as optical data storage and all-optical switching [16, 17] and was proposed for changing the wave vector of SPP waves [18] . The structure of the pseudostilbene type azobenzene molecule consists of an azo group -N=N-between two benzene rings, and push-pull donor and acceptor groups on the opposite side of the benzene rings. Control light with a frequency near the main absorption resonance (490 nm) causes the azobenzene molecule to change from the trans to the cis configuration [19] . Since during this process the distance between the two carbon atoms is drastically reduced, the molecule's dipole moment as well as the materials polarizability is substantially changed, leading to dramatic changes in the materials refractive index. Due to the significant overlap between trans and cis absorption spectra [20] , the pump light also initiates reverse isomerisation, happening simultaniously with thermal cis-trans relaxation [21] . These processes cause the molecules to oscillate between the trans and cis states under pump illumination [19, 22] . As the absorption probability for trans DR1 molecules is much higher for those predominantly oriented parallel to the pump polarisation, the isomerisation will deplete the population of such molecules, leading to light-induced anisotropy [22, 23] . This mechanism is called angular hole burning and starts as soon as trans-cis-trans isomeri-sation is initiated. In addition, over longer pumping times, the trans-cis-trans isomerization cycling leads to statistical photo-orientation of the DR1 molecules perpendicular to the polarization of the pump light, which produces another, more slow, mechanism for light-induced anisotropy [19, 22, 23] . Azobenzene photoisomerization and light-induced birefringence occurs in the picosecond to second time range [20, 22, 24] . This depends on various factors, including the type of azobenzene moleciles, the environment surrounding them, the pumping wavelength and power. In the absence of radiation, the cis isomer thermally decays to the trans isomer. The birefringence relaxation ranges from minutes to milliseconds [20, 21, 23, 25] . Illumination with unpolarised white light helps to restore a random distribution of DR1 molecules [18] . Overall, the light-induced birefringence on-and off-times depend on which of the two initiating mechanisms is dominant. Nonlinear WRR components were fabricated in the following way. To obtain PMMA/DR1 composite material, DR1 and PMMA were separately dissolved in chlorobenzene. The DR1 solution was filtered (0.3 μm pore filter) to insure homogeneity and mixed with the PMMA solution to form 1 wt% DR1/PMMA ratio. These ratio were found to provide the strongest nonlinear response after testing materials of different compositions. A 440 nm thick PMMA/DR1 film was spin coated onto a 65 nm gold film and baked at 65 • C for 4-5 hours in an oven and left overnight at room temperature to allow the solvent to evaporate. The components were patterned using electron beam lithography and then chemically developed to obtain WRR structure made from 500 nm wide DLSPP waveguides with a tapered coupling element ( Fig. 1(b) ). The ring resonator was implemented in a shape of a racetrack (two opposite semicircle sections connected by straight lines with length L c , Fig. 1(c) rather then a ring in order to increase the interaction length between the ring and a straight waveguide. The use of racetracks allowed us to increase the distance between the racetrack and the straight waveguide whilst maintaining the same overall coupling efficiency (as for the circular ring), due to an increased interaction length. This increases the tolerances required from the fabrication process. Two sets of samples were studied with L c = 1 μm (WRR A) and 2 μm (WRR B), having waveguide/ring edge-to-edge gap of 500 nm and ring radius R of 5 μm. Optically-induced refractive index changes in the DR1/PMMA material were estimated in the pump-probe experiments on DR1/PMMA films deposed on a glass substrate (Fig. 2) . Linearly polarized control light (λ c = 532 nm) caused trans-cis isomerization of DR1 molecules accompanied by their reorientation perpendicular to the polarization direction, which changes the phase delay between the p and s components of the signal light (λ s = 633 nm). The latter was monitored as a change in the signal transmission power with the sample placed between two crossed polarizers [26] . The resulting refractive index changes obtained from the dynamics at various pump powers is presented in Fig. 2 . The observed on-and off-times are in agreement with previous observations [20] [21] [22] . Furthermore, the timescale of the processes and complete reversibility of the change suggests that the angular hole burning mechanism is responsible for the observed photoinduced birefringence. The optically induced refractive index changes increase linearly with the pump power with the absolute values reaching as much as Δn = 3.7·10 −3 with no observable saturation. The refractive index changes are induced through optical nonlinearity and not thermally since pure PMMA films did not show refractive index changes at the light intensities used. Such large nonlinear changes in the refractive index will be more than sufficient for controlling the SPP mode transmission through the WRR component as modelled in Fig. 1(e) .
The transmission of the SPP mode through fabricated racetrack WRRs was investigated using scanning near-field optical microscope (SNOM) operating in the tapping mode [27] . The 1550 nm light from a laser diode was mechanically modulated and focused on the slit in the tapered waveguide region using an ultrazoom objective system equipped with IR/visible camera ( Fig. 1(c) ). The slit fabricated using a focused ion beam is used in order to provide the SPP excitation in the waveguide. The near-field image of the SPP mode propagation was mapped by a metal-coated nano-apertured optical fibre. Signal from the fibre was detected by a photoreceiver and sent to a lock-in amplifier, having a signal from the chopper controller as a reference.
The near-field intensity distribution 0n WRR A along with the measured topography of the device are presented in Fig. 3(a), 3(b) . The SPP wave generated by the slit propagates along the funnel, being adiabatically focused in the DLSPP waveguide. At the funnel region on the near field image there is a characteristic SPP interference pattern, which has been observed before in both numerical simulations and in near-field studies [28] . To the right of the funnel it was observed an SPP wave propagating at the gold/air interface; this corresponds to SPPs escaping the funnel. Further, a reflection of this wave from the ring can be observed. After focusing in the waveguide, the SPP mode propagates along it, being partially coupled to the ring mode in the region adjacent to the ring. It can be seen that the mode partially escapes from the racetrack on the curved parts, producing a characteristic SPP wave interference pattern in the area outside the ring. Please note that the intensity of the escaped light is greatly exaggerated (∼5 times) in respect to the intensity of the mode, because it is directly collected by the SNOM tip, while the intensity of the DLSPPW mode is collected from the small evanescent field on the top of the waveguide ( Fig. 1(a) ).
To study an all-optical control of the SPP mode transmission, control light from a 532 nm laser diode was weakly focused (diameter ∼ 0.5 mm) onto the WRR region ( Fig. 1(c) ) and consequent SNOM images at various control powers were acquired. For each control power, the transmission was calculated as the ratio between the SPP intensities averaged over waveguide areas A 1 and A 2 , before and after the ring region correspondingly (Fig. 3(b) ). The resulting dependence of the WRR transmission on the control power is presented in Fig. 3(c) and is in agreement with the simulation results ( Fig. 1(e) ). The transmission decreases with the control light power since the initial transmission point is on the decreasing region of the WRR wavelength characteristic (as marked by a dashed line in Fig. 1(d) ) and the resonance is blue-shifted due to the induced refractive index changes. Finally, we note that the decreasing nature of the WRR transmission rules out the possibility of an artefact created by the detection of control light coupled into the waveguide.
Even for low control powers of 20 mW a significant change in WRR transmission of more than 20 % is achieved, which can be attributed to two important factors. Firstly, the significant change in refractive index and secondly due to the very sensitive WRR transmission response to such changes. The relative transmission change is almost doubled up to ∼ 40 % as the control power approaches ∼ 100 mW. Although modulation performance of such a component is limited by the relaxation timescale (∼ms), the dramatic optically-controlled change in the SPP mode transmission makes it a promising tool for active plasmonics circuitry to achieve optically reconfigurable components with low holding powers.
WRR B exhibits similar nonlinear behavior (Fig. 3(c) inset) , but for its geometrical parameters the signal wavelength is closer to the transmission minimum and by changing the control power, it was possible to scan through the resonance. Both the method using with the measurements of the absolute WRR transmission (main panel in Fig. 3(c) ) and the method monitoring the SPP output signal at the end of the waveguide (insert in Fig. 3(c) ) produced complimentary results. Additionally we note, that the transmission changes are reversible: the device state with a low transmission (at ∼105 mW power in Fig. 3(c) inset) returns to the initial state with a high transmission after removal of the control light and several hours of white light illumination, suggesting the importance of molecular reorientation mechanism for the refractive index changes, initiated by several hours of the control light illumination during the SNOM measurements.
Conclusion
In conclusion, we have demonstrated a highly efficient nonlinear plasmonic component on the basis of a waveguide ring resonator device. The large nonlinear optical effects in PMMA/DR1 waveguide material based on trans-cis isomerization led to refractive index changes up to 4×10 −3 . Combined with the highly resonant nature of WRR transmission, this resulted in reversible transmission changes of almost a factor of 3 times between high and low transmission states at milliwatt control powers (∼100 W/cm 2 by intensity). Such components maybe used in optically reconfigurable and programmable plasmonic circuitry.
